In currently implemented international aviation strategies and programs, including those realised under the European Union policy, such as Clean Sky, SES, SESAR and, CORSIA, the environmental aspect is particularly prominent -reducing the emission of all gaseous pollutants, and from 2020 also particulate matter. Therefore, it is important to know how the change in flight parameters (altitude, speed) affects the emission of pollutants in jet engine exhausts. Such information will enable to adjust the flight altitude of the aircraft when ecological aspect is taken into consideration. In addition to the operating condition (altitude, flight speed, range of power or thrust), the amount and type of pollutants emitted depends on the type of aircraft, its aerodynamic characteristics, engine type and as well as on the type of fuel used.
Introduction
The emphasis is currently being placed on reducing the negative impact of air transport on the natural environment. Especially in the last decade, there have appeared a lot of regulations and projects that aim at reduction of the exhaust and noise emissions generated by aircraft engines. Projects such as Clean Sky, SES, SESAR and CORSIA give direction to research work on phenomena related to these emissions.
The paper focuses on the determination of emission indexes (EI) of toxic compounds in the jet aircraft's exhausts. The obtained values of EI for cruising conditions were compared to the values of these indexes obtained for static conditions on the ground. Knowledge of these values is necessary to determine the emission of particular compounds to be generated in the cruise phase for a given flight altitude and speed.
The research object
In order to carry out the analysis, the Gulfstream IV aircraft was selected as a research object. Aircraft equipped a business jet with two jet engines. The aircraft is built in a Caravelle configuration (engines located at the tail part of the hull). This aircraft is eagerly used as a disposable aircraft, for private communication or operating from airports designed for air traffic of low intensity. The photo of the aircraft is shown in Fig. 1 and its technical data in Tab. 1. 
Determination of the impact of flight parameters on the pollutants emission
Emission of harmful compounds depends mainly on the engine's operating parameters, i.e. its load resulting from the thrust required for flight of the aircraft for a string necessary for the flight through the aircraft. The changing environmental parameters (temperature and density) additionally affect the engine's gas-dynamic parameters. In order to determine these parameters, the methodology presented in previous publication by the authors [3] [4] [5] was applied. The computational procedure was based on the available source material [1] .
In order to determine the value of thrust required for the flight, it is necessary to assume the aircraft mass, as well as to know the aerodynamic characteristics of the aircraft. The formula for the thrust required for the flight of the aircraft is as follows:
where:
ρ -air density,
Pn -lift force, V -flight speed, S -wing area, Cx -drag coefficient depended on the lift coefficient, and, as the consequence, on the aircraft weight [2] . The obtained course of the thrust required for the flight is shown in Fig. 2 .
Knowing the value of thrust that required for the flight at a given altitude it is possible to select the engine's operating parameters. For the values of thrust and fuel consumption at sea level, using the reduction formulas [3, 5, 6] , it is possible to determine the engine performance depending on the altitude and speed of the flight. The dependence describing the change in air parameters can be given by:
where: Tc, pc -total temperature and pressure, T, p -ambient temperature and pressure at given altitude (according to the International Standard Atmosphere, ISA), Ma -flight speed given in Mach. On the basis of the computational methodology presented in the works [3, 4] , the values of the engine thrust and SFC were determined for a given altitude as a function of the flight speed. Exemplary absolute parameters of the engine thrust are presented in Fig. 3 . To determine the emission of toxic compounds in the exhausts of the jet engine, the emission indexes for Landing and Take-off Operations (LTO) were used. In order to relate the values of these indexes to the engine operation and flight parameters at a given altitude, the pressure, temperature, and humidity parameters for this altitude and flight speed should be taken into consideration. On this basis, the formulas for the reduction of emission indexes for individual pollutants can be derived [6] : 
where δ -pressure change coefficient [-] :
where: e -Euler number (e = 2.72), h -humidity correction factor, dependent on cruising altitude [-]:
ω -specific humidity, where Multiplying the emission index for a given pollutant 'z' being generated in a given time t of the cruise phase by the l-engines of the aircraft moving with given thrust and specific fuel consumption, the amount of emitted pollutant in the mass unit [e.g. kg], i.e. its emission, is obtained:
The most frequently used flight parameters were chosen for Gulfstream IV, i.e., the cruising altitude of 10 km and the flight speed of 0.8 Ma. Next, the EI indexes of CH, CO and NOx were determined for them.
Determination of the impact of flight parameters on pollutants emission
Based on the presented methodology, the emission indexes for HC, CO and NOx were determined. These indexes depended on both the engine's operating parameters and the ambient conditions. Fig. 4-6 present the obtained emission indexes (EI) as a function of speed and flight altitude as well as engine load. At high altitude and flight speed, the values of HC, CO and NOx emission indexes increase, which is related to different combustion conditions (pressure, temperature and air humidity). It should be noted that the value of the thrust generated by the engine decreases along with the increase of the flight speed. Fig. 7 shows the performance characteristics of the RR Tay engine determined at the analysed cruising altitude of 0.8 Ma. The obtained performance was compared to static performance at ground level. As shown in Fig. 7 , the engine thrust for the cruising and maximum range reaches the value even four times lower than the reference value -static conditions on the ground. To maintain the same value of thrust while lowering the flight altitude, it is necessary to increase the engine load, which will directly result in the increase of fuel consumption. Based on the analysis of the presented relationships, it can be concluded that the emission of pollutants in the exhausts depends on all of the above-mentioned parameters of the engines operation as well as the aircraft configuration.
Conclusions
The analysis conducted allows drawing the following conclusions: 1. The values of emission indices depend significantly on the engine load and flight parameters (altitude and flight speed); 2. Increase in the emission indices is observed for the cruising conditions in relation to the static parameters on the ground. Knowing the parameters of emission indices for the cruising range it is possible to determine the pollutants emission in the exhausts. It is necessary to know the time of flight at a given altitude and the number of engines installed in the aircraft.
